Introduction
Free-air CO 2 enrichment (FACE) provides a unique platform for investigating how future ecosystems are likely to respond to a higher CO 2 concentration ([CO 2 ]) without disturbing various ecosystem-scale interactions (Ainsworth and Long, 2005; Hendrey and Miglietta, 2006) . We conducted a series of rice-FACE experiments in Shizukuishi, northern Japan, that revealed the typical responses of temperate rice crops grown in cold climates to high [CO 2 ] (ambient ＋200 μmol mol -1 ) (Kobayashi et al., 2006; Hasegawa et al., 2007) , including high-[CO 2 ]×nitrogen interactions (Kim et al., 2003b) , and year-to-year variation (Shimono et al., 2008) . However, to explore a range of adaptation options that maximize the beneficial effects of high [CO 2 ] (e.g., greater productivity; Kim et al., 2003a) while minimizing potential adverse effects (e.g., higher risk of heat stress; Yoshimoto et al., 2005) , it is crucial that a sufficient area be available for testing various genotypes (Ainsworth et al., 2008) . The previous rice-FACE system at Shizukuishi had an effective area of about 80 m 2 for the [CO 2 ] treatment of each replicate, which was not large enough for testing multiple genotypes and management practices. Here we report the first-year (2010) performance results of the Tsukuba FACE system installed at Tsukubamirai, Ibaraki, Japan. The Tsukuba system was designed to have at least twice the usable area (＞160 m 2 ) as the Shizukuishi system while maintaining or improving the ability to control [CO 2 ].
Site and System Description

Experimental site
The new rice-FACE system was installed in farmers' rice paddies in Tsukubamirai, Ibaraki, Japan (35°58´27"N, 139°59´32"E, 10 m above sea level). This site experiences the Asian monsoon climate, with maximum precipitation in summer and a dry winter (Fig. 1) . Daily average air temperatures range from 2.3℃ (January) to 25.2℃ (August), and precipitation averages 1235 mm per year. Daily global solar radiation is 16.5 MJ m -2 during the main season for rice cultivation (May to August). The agronomic practices for the FACE experiments were similar to those used typically in this area, but the cropping schedule was delayed by 3 weeks in order to avoid interfering with the farmers' cropping practices.
System layout
We used four rectangular bays of the farmers' field. The longer side of each bay was 100 m and the shorter one ranged from 30 to 70 m. Within each bay, we established a CO 2 -enrichment plot (hereafter referred to as "FACE") paired with a companion ambient plot (Fig. 2, nos. 1-4) . A pairwise comparison of the treatment in each bay ensured similar water management practices and homogeneous soil properties in both ambient and FACE plots. The ambient and FACE rings were separated at least by 70 m (center to center), which has been demonstrated to be sufficient to prevent cross-contamination by fumigated CO 2 from the FACE ring (Heim et al., 2009) .
FACE ring assembly
The FACE plot was an octagonal arrangement of eight horizontal emission tubes (i.e., the ring), each being independently connected to a CO 2 source from which pure CO 2 was released (Fig. 3) . This geometric configuration is similar to that of previous rice-FACE experiments conducted in Shizukuishi, Japan until 2008 (Okada et al., 2001) , but the ring was enlarged to 17 m across whereas it was 12 m at the Shizukuishi site. Accordingly, the Tsukuba FACE facility had a nominal usable area of 184 m 2 , leaving a 1-m buffer zone from the emission tubes, more than twice as large as Shizukuishi FACE (c. 80 m 2 ). Each CO 2 emission tube was made of commercially available polyethylene irrigation tubing (Kiriko type-R; Mitsui Kagaku Platech Co. Ltd., Japan), measuring 7 m long with a diameter of 38 mm. The ring was supported horizontally 300 mm above the height of the rice canopy by eight iron poles located at the vertices of the octagon. Another eight vertical iron poles were placed halfway along each side for additional support. The emission tubes were raised periodically to keep them 30 cm above the rapidly growing rice plants.
CO 2 supply
All the FACE rings were supplied with CO 2 from common storage reservoirs; liquid CO 2 was stored in two vacuum-insulated tanks each with a capacity of 10,000 kg. Liquid CO 2 was vaporized through an electric heat exchanger, and gaseous CO 2 at a pressure of about 700 kPa was delivered through rigid PVC piping to the FACE rings. Enrichment occurred from just after transplanting until plants reached physiological maturity.
Operational principle of FACE
Control of [CO 2 ] inside the ring was achieved by selectively opening the valves of the emission tubes on the upwind sides. This control system required monitoring of both wind direction and wind speed, and readings of a cup anemometer and wind vane system (Model 03001-5 Wind Sentry; R.M. Young Co., USA) were collected at the center of the ring at 2.5 m above the ground at 1 s intervals.
Rather than using a fixed [CO 2 ], we set the target [CO 2 ] to 200 μmol mol -1 CO 2 above the ambient concentration. Every 5 min, the control computer accessed the readings for the latest 1-min average [CO 2 ] (measured by LI-820; LI-COR, Inc., Lincoln, NE, USA) from the four ambient rings and defined the lowest one as the reference ambient [CO 2 ] for all FACE rings for the next 6 min. The FACE data loggers then controlled the rate and direction of CO 2 emission to maintain the [CO 2 ] at the center of the FACE ring at 200 µmol mol -1 above the ambient concentration. The desired CO 2 flow rates were set by changing the valve aperture according to a proportional-integral-derivative control algorithm developed by Okada et al., 2001 . Briefly, the amount of CO 2 released from each emission tube was regulated with a proportional solenoid valve (ITV2031; SMC Corporation, Tokyo, Japan) which can control gas pressure (5-500 kPa) in proportion to the DC (0-5 V) signal input. For the pressureemission rate relationship, refer to Okada et al. (2001, Fig. 3 ). In the 2010 experiment, the maximum pres- When the wind speed (30-s running-mean) was greater than 0.1 m s -1 , CO 2 was released from the upwind emission tubes. The release of CO 2 from each side of the ring was weighted based on the wind direction with the weighting factor calculated as the square of the sine of the wind-incident angle to each side of the ring. For example, when wind was from the outside and normal to side 2 (Fig. 3) , the weighting factor was 1 for side 2 and 0.5 for the adjacent sides (sides 1 and 3).
At wind speeds below 0.1 m s -1 , CO 2 was released from the four odd-numbered or the four evennumbered pipes alternately at 15-s intervals (Fig. 3) .
Methods for assessing temporal and spatial variability of [CO 2 ]
The 1-min average data from the ring centers were used to evaluate the temporal variation in each FACE ring. We defined the target achievement ratio (TAR) as the fraction of time that [CO 2 ] deviated by ＜10％ (TAR-10) or ＜ 20 ％ (TAR-20) from the target [CO 2 ]; these ratios are commonly used to indicate the temporal control performance of CO 2 .
The horizontal spatial distribution of [CO 2 ] was monitored at 10 cm above the canopy height at 13 locations within each FACE ring (Fig. 3) . Eight of the 13 points were situated 1 m from the ring in a direction perpendicular to the nearest emission tube, 4 points were located 4 m from the center such that the lines connecting each point with the center were perpendicular, and the last point was at the center. To draw contour maps of spatial variation within each ring, the proprietary software Deltagraph (ver. 5.4.1) was used to spatially interpolate the [CO 2 ] from the monitoring point data. Because the four FACE rings had similar spatial patterns, representative results from the no. 1 FACE ring are presented here.
Results and Discussion: Performance of CO 2 Control
Temporal variation
Overall temporal performance of the new rice-FACE system is summarized in Table 1 together with results from other FACE facilities for comparison. Averaged over the growing season and the four FACE rings, TAR-10 was 73.9％ and TAR-20 was 91.3％; these values are slightly higher than the corresponding values obtained by the previous Shizukuishi rice-FACE system (68％ and 91％ , respectively; Shizukuishi third phase in Table 1 ). Both FACE systems had a similar control system, but the new rice-FACE system showed a similar or slightly better [CO 2 ] control even though the area of the FACE plot had been doubled. This enhancement was probably due to the higher wind speed at the new site; mean wind speed was 1.86 m s -1 at Tsukuba and 0.82 m s -1 at Shizukuishi. The performance of the Tsukuba FACE system was similar to that of other FACE facilities using pure-CO 2 injection, including the European POPFACE in Italy (Miglietta et al., 2001) and OzFACE in Queensland, Australia (Stokes et al., 2005) . TAR-10 was higher at AGFACE (Australia) than at the Tsukuba site, probably owing to a substantially higher wind speed (3.5 m s -1 ) there (Mollah et al., 2009) . The SoyFACE system (Illinois, USA) also had a higher TAR-10 ( Ainsworth et al., 2004) , but the reason for this difference is not clear because of a lack of sufficient information including wind speed information. Blower-type injection may result in a better temporal performance at even low wind speeds (Nagy et al., 1992; Lewin et al., 1994; Lewin et al., 2009) .
Wind had a strong influence on the temporal performance of the Tsukuba FACE system, as indicated by wind speed versus TAR relationships (Fig. 4) . TAR-10 was about 50％ under windless conditions, but it increased with wind speed and reached greater than 90％ at a wind speed of 3 m s -1 . At higher wind speeds, TAR-10 decreased with increasing wind speed. TAR-20 was always greater than 80％ except under windless conditions. TAR-20 also exhibited a concavedown relationship with wind speed, but the wind dependency was much less than that of TAR-10. Absolute [CO 2 ] at the ring center also showed a slight dependency on wind speed. Actual [CO 2 ] did not reach the target [CO 2 ] under very calm conditions (＜ 0.5 m s -1 ) and slightly overshot the target (＜20 μmol mol -1 ) at wind speeds from 0.5 to 2.5 m s -1 (Fig. 4) .
Increasing wind speeds over 2.5 m s -1 led to actual [CO 2 ] levels being well below the target; this monotonic decrease indicates an insufficient CO 2 supply capacity of the emission tubes. In order to allow more CO 2 to be released, higher pressure in the emission tubes is necessary, which in turn requires a larger amount of CO 2 to be evaporated from the tank. However, season-long mean [CO 2 ] in the FACE plots was 584 μmol mol 
μmol mol
-1 (Fig. 4) . Therefore, we conclude that the capacity of the CO 2 supply itself did not pose a serious problem in the Tsukuba FACE system.
Wind speed showed a pronounced diurnal variation at our study site, increasing monotonically from 0.8 m s -1 at sunrise to 2.9 m s -1 at 15:00, followed by a sharp decrease until 24:00 (Fig. 5) . This temporal pattern was typical of the site and persisted over a substantial portion of the rice growth period. Consequently, temporal [CO 2 ] uniformity was also dependent on the time of day, being relatively poor just after sunrise but improving significantly with time. It is noteworthy that season-mean TAR-10 and TAR-20 values were not as high as those predicted by the wind speed versus TAR relationship at the season-mean wind speed (Fig. 4) . This underperformance was probably caused by calm conditions occurring for non-negligible periods (Fig.  6e) , especially in the morning (Fig. 5) . These windless periods are not reflected clearly in the data shown in Fig. 5 as they occurred frequently but for a very short period each time (＜1 min).
Spatial variation
The season-mean spatial distribution of [CO 2 ] (at the no. 1 FACE ring) showed that [CO 2 ] was higher toward the southern or southeastern perimeter (Fig.  7a) . This CO 2 gradient was due to the the dominant southerly wind direction at the Tsukuba site (Fig. 7b) . Relatively uniform [CO 2 ] was measured near the ring center and toward the northwest, yielding an aerial fraction of 43％ and 66％ where season-mean [CO 2 ] was within ±10％ and ±20％ of the target, respectively ( Table 2) . These values are comparable to the performance of the Shizukuishi system, where 60％ of the ring's area experienced an average [CO 2 ] no greater than 15％ above the target (Okada et al., 2001) . However, the spatial pattern of [CO 2 ] differed between the two sites; the distribution was bowl-shaped at the Shizukuishi FACE system, where [CO 2 ] was low at the center of each ring and increased toward the perimeter in every direction, whereas at Tsukuba, the increasing [CO 2 ] gradient was unidirectional from northwest to southeast, and steepened toward the southern perimeter (Fig. 7a) . Wind speed had a large effect on the spatial distribution of [CO 2 ]. A concentric, bowl-shaped distribution was observed at wind speeds of less than 0.1 m s -1 (Fig. 6a) , and more than 40％ of the area had a [CO 2 ] greater than 200 μmol mol -1 above the target. Within a wind-speed range of 0.1 to 2 m s -1 , the concentric distribution no longer existed, and [CO 2 ] became relatively homogeneous at the center and toward the eastern perimeter (Fig. 6b) . Within a range of 2 to 4 m s -1 , 59％ of the area had [CO 2 ] within ±50 μmol mol -1 of the target because of substantial CO 2 mixing by the southerly wind (Fig. 6c) . Higher wind speed (≥ 4 m s -1 ) led to too little fumigation of CO 2 over 45％ of the ring area by greater than 50 μmol mol -1 (Fig. 6d) , partly because of an insufficient capacity of the CO 2 supply from the emission tubes. However, such windy conditions did not occur frequently at this site (Fig.  6e) .
The observed spatial distribution may have implications for the arrangement of experimental plots and the analysis of results. Care needs to be taken in interpreting the response of rice to higher [CO 2 ] when results are obtained from different subplots that experience different [CO 2 ], particularly when analyzing interactions between subplot factors and high [CO 2 ] effects. One way to avoid systematic errors of biological responses arising from heterogeneity in [CO 2 ] inside the FACE rings is to randomize positions of subplots such as cultivars and nitrogen levels inside each ring. Alternatively, the time-weighted [CO 2 ] of a particular position could be used as a covariate to help explain any variation in the biological response due to position inside the FACE rings (Mollah et al., 2009) .
CO 2 requirements
Averaged over the growth season, the CO 2 requirement during the fumigation hours per unit area was 0.23 kg CO 2 m -2 h -1 which was about 17％ less than the 0.28 kg CO 2 m -2 h -1 required by the Shizukuishi FACE system. Gas use efficiency was comparable to that of the BNL-Maricopa FACE facility (Arizona, USA) (1250 kg CO 2 per 14 hours per 25-m array, equivalent to ～0.215 kg CO 2 m -2 h -1 ; Nagy et al., 1994) .
Conclusions
The effective area of the Tsukuba FACE system was twice as large as that of the older Shizukuishi system. The temporal control performance of CO 2 was slightly better than that of the Shizukuishi system and was comparable to the performance of other FACE facilities with a pure-CO 2 injection system; 1-min average [CO 2 ] was within ±20％ and ±10％ of the target concentration for 91.3％ and 73.9％ of the time, respectively. Averaged over the entire fumigation period, 66％ of the area experienced [CO 2 ] within ±20％ of the target. These aspects of spatio-temporal performance indicate that the Tsukuba FACE system can serve as a reliable platform for the assessment of high [CO 2 ] effects on the rice ecosystem under open-field conditions.
